Characterization of the 0 and precipitate phases formed in the aged Al-10 mass%Mg alloy with and without 0.5 mass%Ag at 200 C and 240 C has been carried out using TEM. The plate-like precipitate particles were formed in binary alloys aged from 2 h at 200 C. The plate-like particles had habit planes of f100g , and were identified as the 0 phase. Whereas the very fine scale, uniformly distributed precipitate particles with a spherical shape were formed as the dominant precipitate particle in ternary alloy aged at 200 C for periods of 4 h and 6 h. These small spherical particles were identified to be icosahedral phase while no icosahedral phase was observed in the Ag-free alloys when samples were aged at 200 C. Formation of a precipitate cluster consisting of two distinguishable parts has been observed in binary alloys aged 5 h at 240 C, and these precipitate particles were identified as the equilibrium and metastable 0 phases. Whereas a higher volume fraction of dispersed precipitate phases which comprised a mixture of a coarse-scale, rod-like particles and blocky particles, was observed in ternary alloy aged 5 h at 240 C. With further increase of ageing time up to 24 h at 240 C, the microstructure contained a high volume fraction of coarse-scale, globular precipitate particles, together with a secondary distribution of fine-scale spheroidal precipitates, these coarse globular particles were identified to be the equilibrium phase.
Introduction
A supersaturated solid solution in binary Al-Mg alloys containing more than 7 mass% Mg aged above the GP zone solvus produces 0 or/and phase depending upon ageing conditions. 1, 2) It is generally accepted that the intermediate 0 phase in Al-Mg alloys has a hexagonal structure with the lattice parameters of a ¼ 1:002 nm, c ¼ 1:636 nm and is semi-coherent with the aluminium matrix.
3) Prolonged ageing may lead to the formation of the equilibrium (Al 3 Mg 2 ) phase. In early work using the Laue X-ray diffraction method, the equilibrium phase was described as having an f.c.c. structure with the lattice parameter of a ¼ 2:824 nm. 4, 5) Two typically distinguishable orientation relationships between the precipitate phase and -Al matrix have been proposed. Bernole et al.
3) first reported a relationship of the form: ½001 k ½001 and ½110 k ½100 in Al-10 mass%Mg alloy aged at 200 C and 300 C. However, in a later study, they reported a second orientation relationship of the form: ð111Þ k ð001Þ and ½110 k ½010 . 6) In the recent work, the other orientation relationship between the phase and -Al matrix in the aged Al-10 mass%Mg alloy has been reported as the cube-on-cube orientation, such as ð1 1 11Þ k ð1 1 11Þ and ½011 k ½1 1 1 1 1 , or ð100Þ k ð100Þ and ½001 k ½001 , depending upon morphologies of the precipitate particles. 7) There has been little attention paid to the precipitation sequence in ternary Al-Mg-Ag alloys aged above the GP zone solvus. Early studies [8] [9] [10] suggested that the decomposition process might be summarised as follows: Supersaturated solid solution ( 12) as the equilibrium phase in the aged Al-Mg-Ag alloy. Recent studies of the microstructural observations by transmission electron microscopy (TEM), 13, 14) however, revealed the formation of both the quasicrystalline phase rather than T 0 phase in the early stages and the equilibrium phase in over-aged conditions in Al-10Mg-0.5Ag (mass%) alloy.
As with the complex decomposition process in the Al-Mg alloys with and without Ag, it still remains that precipitate microstructures and precipitate phases in those given alloys during isothermal ageing are not thoroughly and convincingly understood. In order to improve fundamental understanding of the ageing behaviour in Al-Mg alloys with and without Ag, the present work has thus paid attention to the 0 and phases [1] [2] [3] [4] [5] [6] [7] using TEM. The purpose of this paper is to report further results of a microstructural examination of the metastable 0 and equilibrium precipitate phases formed during isothermal ageing process in an Al-10Mg alloy with and without 0.5Ag (mass%).
Experimental Procedures
An alloy of the nominal composition Al-10 mass%Mg alloy with and without 0.5 mass%Ag was prepared from Al (99.96%), Mg (99.9%) and Ag (99.9%) by induction heating under air atmosphere and casting into a mild steel mould with cavity dimensions of 110 Â 60 Â 15 mm. After these ingots were homogenised for 52 h at 300 C, surfaces of the ingots were scalped on each side. These ingots then were hot rolled to approximately 0.3 mm for TEM specimens. The specimens for the binary and ternary alloys were solution-treated in a salt bath at 500 C for 1 h, water quenched and then aged in an oil bath at 200 C and 240 C. The specimens for TEM observations were punched mechanically from the strips of 0.3 mm in thickness after appropriate heat treatments, and then dry-ground to a thickness of 0.1-0.15 mm. These specimens were prepared by twin-jet electropolishing in a solution of 33 vol.% nitric acid and 67 vol.% ethanol in temperature range between 0 C and À10 C, using a Tenupol-3 jet polisher operating at 0.2 A and 12 V. Microstructures were observed by a Philip CM20 transmission electron microscope (TEM) at 200 kV.
Experimental Results
A series of BF images and corresponding SAED patterns, obtained from the Al-10 mass%Mg alloy aged at 200 C for periods of 1 h, 2 h and 4 h, is shown in Figs. 1(a), (b) and (c), respectively. These heat treatments correspond to underageing conditions.
15) The electron beam is approximately parallel to a h001i zone axis in each. Based on both the previous literature 2) and the microstructural characterisation of samples aged at 90 C, 16) it was expected that the f001g plate-like precipitate particles are most likely formed in the microstructure of the specimens aged at 200 C. The specimens were thus preferentially examined in h001i orientations. Figure 1 (a) suggested that the microstructure contains no detectable precipitate particles after 1 h at 200 C, with only a residual dislocation substructure to be observed in the aluminium matrix. On the other hand, when the ageing time was increased to 2 h, Fig. 1(b) , the microstructure contained a small number density of precipitate particles, primarily nucleated in association with dislocations. These precipitate particles appeared to be a plate-like form with f100g habit planes. It is well known that plate-shaped particle normally produces streaking in electron diffraction. As can be seen from Fig. 1(b) , no streaks were detected in the SAED pattern, although plate-shaped particles were observed. The reason is that the plate-shaped particles were preferentially and heavily etched during electroposhing, so traces of the plate-shaped precipitate particles may be seen. Further increase in ageing time to 4 h at 200 C, Fig. 1 (c), produced a coarse-scale, sparsely distributed array of plate-like particles that are again typically associated with or generating dislocations. These plate-like precipitate particles have an approximately f001g habit plane. In addition, this microstructure also contained a small number density of coarse cuboidal particles. It is interesting to note that the finer-scale cuboidal precipitates, that were typical of specimens aged at 90 C, 16) were not observed typically in the specimens aged at 200 C. All of the SAED patterns corresponding to the BF images exhibited no diffraction evidence, such as extra reflection spots and streaking from the precipitate phase(s). Detailed crystallographic analyses by electron diffraction technique including SAED were failed due to the heavily oxidised and etched precipitate particles in the obtained thin foils.
BF images and the corresponding SAED patterns, obtained from specimens of the Al-10Mg-0.5Ag (mass%) alloy aged at 200 C for periods of 4 h and 6 h, are shown in Figs. 2(a) and (b), respectively. The electron beam is approximately parallel to the h110i zone axis. These heat treatments again correspond to under-ageing conditions.
15) The very fine scale, uniformly distributed spherical shape of precipitate particles can be seen in the BF image, Fig. 2(a) . Based on comparison of the SAED patterns previously reported, 13 ) the corresponding SAED pattern implies that small spherical precipitate particles may have an icosahedral structure. When the ageing time was increased to 6 h from 4 h, Fig. 2(b) , the microstructure showed a predominantly fine scale, uniformly distributed, faceted diamond-shaped precipitate particles together with a minor fraction of coarse scale precipitate particles that were not observed in the early stages of ageing at 240 C. 13) Although detailed crystallographic analyses for the precipitate particles by electron diffraction technique were limited, the recorded SAED pattern corresponding to the BF image was the same as the previously reported result.
13) It thus suggests that fine scale, uniformly distributed precipitate particles are having the icosahedral structure. A microbeam electron diffraction pattern, Fig. 2(c) , recorded from the single coarse-scale precipitate particle (arrow, Fig. 2(a) ) is indexed for a ½11 2 26 direction of a hexagonal structure, and suggests to be a metastable 0 phase. The previous paper revealed the formation of a precipitate cluster consisting of three distinguishable parts, such as blocky, irregularly-shaped and lath-like in the Al-10 mass%Mg alloy aged 5 h at 240 C. 17) These heat treatments again correspond to under-ageing conditions. 15) Another example from the microstructure of the binary alloy, aged 5 h at 240 C, is shown in Fig. 3(a) . This image shows two different types of precipitate morphology, lath-like (labelled D) and irregular (labelled E), with both forms being coarsescale. Figures 3(b)-(d) show SAED patterns recorded from the area of the microstructure shown in Fig. 3(a) . These patterns were recorded at orientations that were not parallel to any low index directions of the aluminium matrix. The SAED pattern (Fig. 3(b) ) from the lath-like particle (labelled D) shows complex reflections, and identification of this pattern was unsuccessful. The SAED pattern, Fig. 3(d) , from the irregular particle (labelled E) could be indexed for the h110i zone of the equilibrium phase in Al-Mg alloys.
5) The SAED pattern in Fig. 3(c) was recorded from the boundary region between the two precipitate particles D and E, and this pattern clearly exhibits a mixture of these two SAED patterns. These results from SAED patterns may imply that one type of precipitate particles is initially nucleated from the supersaturated solid solution during the isothermal ageing process, and then the other type of precipitate particles is nucleated heterogeneously on the precipitate particle formed initially.
In samples of ternary alloy aged 2 h at 240 C, which corresponds approximately to the peak-hardness condition, 15) the microstructure contained a higher density of precipitate particles, which are a mixture of rod-like, square-and diamond-shaped particles, as presented previously.
18) It has been established that the square-section precipitates are rodlike particles of T phase observed parallel to the rod-axis, while the rod-like particles with rod-axes parallel to h110i directions represent the other variants of the b.c.c. T phase. The diamond-shaped or rhombohedral particles have previously been identified as having the icosahedral structure.
After the samples were aged 5 h at 240 C, which corresponds to slightly beyond the maximum-hardness condition, 15) the BF images showed a higher volume fraction of dispersed precipitate phases which comprised a mixture of coarse-scale, rod-like particles and blocky particles, as shown in Figs. 4(a)-(c) . The corresponding SAED patterns exhibited increased diffracted intensity from these precipitate phases compared to the previously reported SAED patterns, 18) but the essential pattern symmetry remained similar to that previously observed SAED patterns, 18) suggesting that the identity of the precipitate phases remained the same but that the volume fraction of precipitate particles had increased.
With further increase of ageing time up to 24 h at 240 C, corresponding to a well over-aged condition, 15) the microstructure contained a high volume fraction of coarse-scale, globular (C.G.) precipitate particles, together with a secondary distribution of fine-scale spheroidal (F.S.) precipitates, as shown in Figs. 5(a)-(c) . Although no detailed crystallographic information was obtained from these precipitate particles, previously established identification of similar particles 19) would suggest that such particles are the equilibrium phase. 
Discussion
Bernole et al. reported that two forms of morphologies of the equilibrium phase have been observed in an Al-10 mass%Mg alloy.
3) One is a blocky morphology observed in the alloy aged 96 h at 200 C, and the other is globular form detected when the alloy was aged 0.5 h at 300 C.
3) Plate-and lath-shaped particles were also reported when Al-10 mass%Mg alloy was aged 2 h at 300 C.
6) The present microstructural observations for the Al-10 mass%Mg alloy aged at 240 C have revealed that the predominant precipitates (e.g. 5 h) have a generally coarse-scale, sparsely distributed irregular blocky shape as presented in Fig. 3 .
However, both plate-and lath-shaped precipitate particles have also been observed in the early stages of ageing (e.g. 0.5 h) 17) as well as the present microstructural observations for the Al-10 mass%Mg alloy aged at 200 C (e.g. 1, 2 and 4 h) in Figs. 1. Although detailed identification of these precipitate particles by the electron diffraction technique has been limited in the current research due to difficulties of sample preparation, it is generally accepted that the metastable 0 and/or equilibrium phases with the different morphologies are formed during isothermal ageing of binary Al-Mg alloys. [1] [2] [3] [4] [5] [6] Formation of a precipitate cluster consisting of three distinguishable parts, that might be described as blocky, irregularly shaped and lath-like, has been revealed in the previous paper.
17) The blocky precipitate particle was identified as a face-centred cubic structure with the lattice parameter of a ¼ 2:8 nm which corresponds well to that previously reported for the equilibrium phase, a ¼ 2:824 nm, in Al-Mg alloys.
5) The lath-like precipitate particle was identified as a hexagonal structure with the lattice parameters of a ¼ 1:0 nm, c ¼ 1:6 nm, and are thus consistent with those of the metastable 0 phase, a ¼ 1:002 nm, c ¼ 1:636 nm, reported in Al-Mg alloys. 3, 6) These previously reported results are well consistent with the observed precipitate particle in the current research in terms of the morphology and phase in Fig. 3 . However, the detailed orientation relationships between the 0 and phases, as well as the orientation relationships with respect to the aluminium matrix have not been identified.
The present observation confirmed that plate-like 0 precipitate particles with parallel planes of f100g were generally associated with dislocations or typically surrounded by intense strain contrast as shown in Fig. 1 , and this is consistent with the results previously reported. 17, 19) This implies that nucleation of these particles appears to be energetically difficult. The nucleation of the phase (Al 3 Mg 2 ) has been studied by a number of researchers. 3, 6, 20) They have suggested from TEM observations that the phase is preferentially formed either at the interphase boundary between the intermediate 0 phase and aluminium matrix, or at matrix grain boundaries or on dislocations within the matrix. This clearly implies that the intermediate 0 particles
nucleate first from the supersaturated solid solution, and then provide in turn nucleation sites for the formation of the equilibrium particles. This evidence of almost exclusive heterogeneous nucleation of the equilibrium particles suggests that homogeneous nucleation of the phase is energetically quite difficult in the aluminium matrix. This perhaps explains the low number density and coarse-scale of the equilibrium precipitate particles, and these microstructural parameters account qualitatively for the lack of a significant strengthening response during ageing of the binary alloys.
As for the ternary Al-10Mg-0.5Ag (mass%) alloy, at the ageing temperature of 200 C, spherical precipitate particles were apparently observed as the predominant phase, together with only few plate-like 0 precipitate particles which are major precipitates when specimens were aged at 90 C (under-ageing condition). 16) At the ageing temperature of 240 C, however, no plate-like 0 precipitate particles were detectable, and only the fine-scale, uniform distributions of the faceted precipitate particles were observed in the aluminium matrix in this ageing condition, suggesting that the dissolution temperature of the plate-like 0 phase in the ternary alloy is approximately 200 C. In the over ageing condition (aged at 240 C), as presented in Fig. 5 , the microstructures contained coarse globular particles. Based on the previous investigation of precipitate phases, 7) these coarse-scale globular particles were identified to be metastable 0 and/or stable phases. It is worthy to note that the equilibrium phase is generally observed only in binary Al-Mg alloys and there has been no prior evidence of equilibrium phase forming in Agcontaining Al-Mg alloys. [8] [9] [10] However, the previously report 7) and current research revealed to form the equilibrium phase in the ternary Al-10Mg-0.5Ag (mass%) alloy. This phase could be the products of transformation from the metastable rod-like T particles, but based on the present TEM observations the formation mechanism is not clear. It could be assumed that the particles may equally nucleate independently following dissolution of T phase.
Conclusions
Characterization of the 0 and precipitate phases formed in the aged Al-10 mass%Mg alloy with and without 0.5 mass%Ag at 200 C and 240 C has been carried out using a C. The plate-like particles had habit planes of f100g , and were identified as the metastable 0 phase (Al 3 Mg 2 , a ¼ 1:002 nm, c ¼ 1:636 nm). Whereas the very fine scale, uniformly distributed spherical shape of precipitate particles were formed as the dominant precipitate particle in ternary alloy aged at 200 C for periods of 4 h and 6 h. These small spherical particles were identified to be icosahedral phase while no icosahedral phase was observed in the Ag-free alloys when samples were aged at 200 C. (2) Formation of a precipitate cluster consisting of two distinguishable parts has been observed in binary alloys aged 5 h at 240 C, and these precipitate particles were identified as the equilibrium phase, a ¼ 2:824 nm and metastable 0 phase, a ¼ 1:002 nm, c ¼ 1:636 nm, reported in Al-Mg alloys. 1, 2) Whereas a higher volume fraction of dispersed precipitate phases which comprised a mixture of coarse-scale, rod-like particles and blocky particles, was observed in ternary alloy aged 5 h at 240 C. With further increase of ageing time up to 24 h at 240 C, the microstructure contained a high volume fraction of coarse-scale, globular precipitate particles, together with a secondary distribution of fine-scale spheroidal precipitates, and these coarse globular particles were identified to be the equilibrium phase (Al 3 Mg 2 ) (lattice parameter a ¼ 2:824 nm). 
